We describe a method whereby the effect of protein synthesis inhibitors upon protein synthesis in Gonyaulax cultures may be reliably measured. Using this method, we found that protein synthesis inhibition and clock resetting were correlated, but that the correlation was not as close as has been reported in other systems. The effect of the inhibitors anisomycin and cycloheximide upon phase shifting of the circadian clock was a function of the illumination and temperature conditions to which the cells were subjected, but these factors did not appear to influence the inhibition of protein synthesis by these drugs. Cellular protein synthesis did not recover immediately from the inhibitors' effects; depending upon the previous concentration of the inhibitor, translational recovery from the drugs may require hours. This observation has important implications for the analysis of any phase response curve when the stimulus is a chemical.
One of the more promising leads concerning the mechanism of circadian clocks has been the effects of inhibitors of protein synthesis on 80S ribosomes. Although phase shifting by puromycin was reported in early studies with the dinoflagellate alga Gunyaulax (Karakashian and Hastings, 1963) , the first demonstration of a robust effect was by Feldman (1967) , who showed that cycloheximide lengthens the circadian period in the unicell Euglena. Subsequently, numerous studies have shown that many different inhibitors of translation can cause period changes and/or phase shifting in a variety of organisms, including the mollusc Aplysia (Rothman and Strumwasser, 1976; Lotshaw and Jacklet, 1986) ; the fungus Neurospora (Nakashima et al., 1981a,b) ; the bean plant Phaseolus (Mayer and Knoll, 1981) ; the duckweed Lemna (T. Kondo, personal communication); and the algae Acetabularia (Karakashian and Schweiger, 1976a,b) , Chlamydomonas (Goodenough et al., 1981) , and Gonyaulax (Walz and Sweeney, 1979;  Dunlap et al., 1980; Taylor et al., 1982a) .
These observations suggest that some protein synthesis event is necessary for unimpeded precession of the biological clock. Such an interpretation would predict that protein synthesis inhibition and clock resetting be strictly correlated. Quantitative comparisons of the impact of protein synthesis inhibitors on circadian phase shifting 1. Present address: Department of Biochemistry, Molecular and Cell Biology, Northwestern University, Evanston, Illinois 60201. and upon protein synthesis itself have been reported in Aplysia and Neurospora. In Aplysia (Lotshaw and Jacklet, 1986) , such experiments include correlative measurements of phase shifting by anisomycin with (1) total protein synthesis rate, and (2) synthesis of specific proteins (assessed by two-dimensional gel electrophoresis). In Neurospora, there is a correlation between protein synthesis inhibition and phase shifting by cycloheximide (Nakashima et al., 1981a) ; moreover, the clock of a mutant whose protein synthesis on 80S ribosomes is resistant to cycloheximide is also insensitive to phase shifting by cycloheximide (Nakashima et al., 1981b) . A similar study has shown that the period of the clock of a cycloheximide-resistant mutant of Chlamydomonas is also unaffected by cycloheximide (Goodenough et al., 1981) .
The clock of Gonyaulax exhibits two interesting responses to translational inhibitors that have not been reported so far in the other systems. First, such inhibitors can cause a state of "singularity" (Taylor et al., 1982b) . Second, even very brief pulses of the inhibitors (e.g., anisomycin for 3 min) may cause large phase shifts (Taylor and Hastings, 1982) . Unfortunately, the concomitant effect of these treatments upon protein synthesis has not been as thoroughly studied in Gonyaulax as in Neurospora and Aplysia. The results of two previous studies that report such measurements (Volkandt and Hardeland, 1984; Cornelius et al ., 1985) suggest that protein synthesis and phase shifting may be strictly correlated in Gonyaulax as well. As we intend to show in this paper, the conclusions of those studies may have been compromised by the fact that the Gonyaulax cultures used were not axenic; considerable effort is required to remove the bacterial component from amino acid incorporation in such cultures.
We describe herein a method by which protein synthesis can be measured in Gonyaulax without substantial interference from bacteria. Using this method, we found that Gonyaulax protein synthesis was only slightly affected by the 70S ribosome inhibitor chloramphenicol, but was exquisitely sensitive to the 80S inhibitors cycloheximide and anisomycin. The effect of these latter drugs upon Gonyaulax translation could persist for many hours after the inhibitor was removed. This observation is important not only for understanding the effects of brief pulses of these drugs upon the Gonyaulax clock (e.g., Taylor and Hastings, 1982) ; it also has imporant implications for interpreting the clock effects of any pharmacological treatment.
We also report that protein synthesis inhibitors caused smaller phase shifts in the clocks of cells maintained in red light than of those in white light, and that this difference could not be explained by a differential inhibition of translation by these drugs. Finally, our results indicated that while protein synthesis inhibition and clock resetting are correlated, the two effects do not strictly parallel one another, as has been reported for other systems.
MATERIALS AND METHODS

CULTURES AND GROWTH CONDITIONS
Two strains of Gonyaulax polyedra (strain GP70 and an axenic strain, GP60e) were cultured in 2.8-liter Fernbach flasks at 21&deg; &plusmn; 3&deg;C in f/2 medium (Guillard and Ryther, 1962) with 0.5% soil extract. Both strains were isolated by Dr. B. M. Sweeney; the axenic strain was obtained from Dr. R. Guillard. Cell densities were measured with an electronic counter (Coulter Electronics, Hialeah, FL). Cultures were grown under a cycle of 12 hr of light and 12 hr of darkness (LD 12:12), with cool-white fluorescent lamps at a light intensity of 150 ~LE . M-2 -sec-1. Circadian time (CT) specifies the phase of the circadian clock in constant conditions and is based on its &dquo;free-running&dquo; period (T). In a free run, CTO is defined as the phase that extrapolates by T intervals to dawn of the previous LD 12:12 cycle, and CT 12 is the phase that extrapolates to dusk of the LD 12:12 cycle. In an LD 12:12 light cycle, the period is equal to exactly 24 hr; therefore LDT 0 = dawn, LDT 6 = midday, LDT 12 = dusk, and so forth.
ANTIBIOTIC PRETREATMENT OF CULTURES
To reduce the bacterial contamination of nonsterile Gonyaulax cultures (GP70), an antibiotic pretreatment protocol was developed. First, cells were collected on a 25-Rm Nitex filter (Tetko Inc., Elmsford, NY), which had been sterilized with 95% ethanol and then washed twice with 10-ml aliquots of sterile f/2 media. Second, washed cells were resuspended in sterile, acid-washed glass scintillation vials at a high density (approximately 15,000 cells/ml) in a final volume of 10 ml. Next, streptomycin (Sigma), dissolved in f/2 medium and filter-sterilized, was added to a final concentration of 1 mg/ml; cells were then incubated overnight in the antibiotic. These first three steps were then repeated using penicillin (Sigma, 1 mg/ml final concentration) or a mixture of antibiotics ( mg/ml penicillin, 125 )JLg/ml kanamycin, 125 f..lg/ml carbenicillin, and 25 )JLg/ml rifampicin) instead of streptomycin. After another overnight incubation, the cells were washed and resuspended in sterile f/2 to a density of 8,000-10,000 cells/ ml and used for measuring protein synthesis (see below). Before and after each overnight incubation in antibiotics, small aliquots from the Gonyaulax cultures were serially diluted and plated onto a seawater complete (SWC) medium (see Nealson, 1978) and incubated at room temperature for 1 week to monitor the extent of bacterial contamination. Bacterial counts are expressed as colony-forming units (CFU).
The viable Gonyaulax cell concentration after the pretreatment was typically 7,000-10,000 cells/ml. This pretreatment eliminated all but one bacterial colony type capable of growth on the SWC medium; this bacterium was shown by susceptibility tests with antibiotic discs to be sensitive to chloramphenicol. However, the pretreatment of cells with 100 wNt chloramphenicol was found to be ineffective in totally eliminating this bacterium, even though this concentration inhibited its protein synthesis by 95% (see Table 2 , below; concentrations of chloramphenicol that were high enough to kill this bacterium were toxic to the Gonyaulax cells as well). To prevent this bacterium from biasing our results, we usually added 100 f..lM chloramphenicol to both control and experimental preparations during measurements of Gonyaulax protein synthesis of such nonaxenic GP70 cultures.
MEASUREMENT OF PROTEIN SYNTHESIS IN GONYAULAX CULTURES
Cells were pipetted in 10-ml aliquots into sterile acid-washed glass scintillation vials at a density of 8,000-10,000 cell/ml. Anisomycin, cycloheximide, and chloramphenicol were prepared fresh prior to each experiment. Ci/mmol) added to a final concentration of 8 ,....,Ci/ml. Experiments were performed at 18-22°C (except those in Fig. 9 ), and time points were taken as indicated in the figures. At each time point, vials were swirled gently, and 1-ml samples were removed and transferred to a 15-ml centrifuge tube. After the addition of 10 ml ice-cold f/2 medium, the sample was centrifuged in a clinical centrifuge at low speed. The supernatant was aspirated and the pellet was washed twice with 10 ml of cold f/2 medium. After the second wash, 0.5 ml of 2.5% sodium dodecyl sulfate (SDS) was added to the cell pellet to permeabilize the cells. The sample was vortexed and 4.5 ml of 10% trichloroacetic acid (TCA) was added; it was then incubated overnight at room temperature.
The next day, samples were vortexed and 0.4 ml-aliquots were transferred to vials containing 10 ml Scintiverse (Fisher) scintillation fluid. The radioactivity of these aliquots was used as a measure of the total cellular uptake of label. The remaining 4.6 ml were filtered through Whatman GFC glass-fiber filters to retain the precipitated protein; the filter was subsequently washed with (1) 5 ml ice-cold 10% TCA; (2) 5 ml hot 10% TCA (90°C) to solubilize nucleic acids; and (3) 10 ml acetone to remove the TCA and to dry the filters, which were placed in 10 ml Scintiverse. Radioactivity from these filters represented label that had been incorporated into proteins. Radioactivity was measured by liquid scintillation counting and was quench-corrected for efficiencies.
Protein synthesis rate is sometimes expressed as &dquo;percentage of incorporation&dquo; to correct for the fact that uptake of label is not always equal among samples. For example, the drugs used in this study inhibit or stimulate leucine uptake by Gonyaulax (see Table 1 , below). This effect upon uptake must be corrected for before leucine incorporation into protein can be taken to reflect the relative rate of protein synthesis. Percentage of incorporation is equal to the disintegrations per minute (dpm) incorporated into protein, as measured by the TCA precipitate on the GFC filters, divided by the total dpm taken up by the cells. In these experiments, percentage of incorporation was calculated at a time point at which uptake and incorporation were linear and robust-usually 20-40 min after the [3H]leucine was added. This is only a correction for different uptake rates and not a calculation for the absolute rate of protein synthesis, which would require measurement of the specific activity of the most proximal precursor pool-that is, leucyl-tRNA (Regier and Kafatos, 1977) .
BACTERIAL PROTEIN SYNTHESIS
A nonaxenic Gonyaulax culture in stationary phase was filtered through a sterile 25-jjLm Nitex filter, and the protein synthesis of 1-ml aliquots of the bacteria-containing (Gonyaulax-free) filtrate was measured in duplicate in the presence and absence of 100 )JLM chloramphenicol, 10 )JLM cycloheximide, and 10 )JLM anisomycin. Protein synthesis was stopped by the addition of 0.5 ml 2.5% SDS and 4.5 ml 10% TCA. Samples were incubated overnight and processed as described above.
MEASUREMENT OF PHASE SHIFTING . In determinations of phase shifting, cells were used at a concentration of 3,000-4,000 cells/ml. The antibiotic pretreatment did not seem to affect the expression of clear rhythmicity, nor did it substantially affect subsequent growth of the pretreated cells (data not shown). The circadian glow rhythm of Gonyaulax was measured and analyzed using an automated data acquisition system developed in our laboratory (Taylor et al., 1982c; Broda et al., 1986) . The apparatus consists of two platforms with a total of 60 positions. Each position holds a vial with a 10-ml sample of cells. Samples are illuminated from below; temperature is held constant via a water flow through the hollow platforms. In some of the present experiments, one platform was illuminated with fluorescent white light and the other with fluorescent red light. Glow data on each vial are recorded every 20 min by a photomultiplier on a moving carriage and stored on both hard and floppy disks. The whole apparatus is controlled by an Apple II microcomputer.
To measure phase shifts, an algorithm was used to determine the positions of the glow peaks each day for all samples. These positions were plotted as points on a graph of time of the peak during a day versus the day the peak was measured. For each sample, a line was fitted to these points using a linear regression algorithm. Phase shifts in hours were calculated by extrapolating the lines to the phase on the day of the pulse and comparing the difference at this time between a control and the experimental samples.
SIMULTANEOUS MEASUREMENT OF PROTEIN SYNTHESIS AND PHASE SI IIFTING
In these experiments (see Fig. 8 , below), cells to be used for measurements of both protein synthesis and phase shifting were transferred to the apparatus several hours prior to the CT to be examined. Transfers into the constant condition (constant dim white light [WW] or dim red light [RR] at 22°C) of the apparatus were always made during the light portion of the cells' LD cycle. At the desired CT, cells to be used for phase shifting measurements received varying anisomycin doses. Cells to be used for protein synthesis measurements were transferred to centrifuge tubes in 2-ml aliquots and given similar drug doses as well as [3H]leucine (8 fJ.Ci/ml). For phase shifting measurements, anisomycin exposures were ended after 2 hr by filtering, washing twice with 10 ml fresh f/2, and resuspending in 10 ml fresh f/2. Cells for protein synthesis were incubated for 2 hr in either VVW or RR at 22°C, after which time samples were washed and processed according to the sampling protocol. Cells used for phase shifting measurements received 100 fJ.M chloramphenicol during the 2-hr incubation period. (GP60e) growing under LD 12:12 conditions, [3H]leucine was added at the beginning of incubation (in this experiment, at LDT 9.5) and aliquots were removed at the indicated times and processed as described in &dquo;Materials and Methods.&dquo; All points are the averages of duplicates; the range of these duplicates (expressed as percentage of maximal control value) was typically ±5% of the mean value that has been plotted and at most ± 15% of the mean value that has been plotted. Open squares with dots, control; solid diamonds, 100 >M CM; solid diamonds with white dots, 10 Rm AN; solid squares with white dots, 10 yvt AN and 100 >M CM. At 40 min incubation, the percentages of incorporation of [3H]leucine in the samples were as follows: control, 15%; CM, 14%; AN, 2%; AN plus CM, 1%. _ incorporation of leucine into protein, while the 70S inhibitor chloramphenicol had little impact upon leucine incorporation into protein. The uptake of leucine was initially rapid, but slowed within the first hour; both anisomycin and cycloheximide affected it (Figs. 1A and 2A and Table 1 ), which made the &dquo;percentage of incorpo-ration&dquo; correction (see &dquo;Materials and Methods&dquo;) useful for comparing samples. At 40 min the percentage of incorporation of the control was 15%; with chloramphenicol, 14%; and with anisomycin, 2% (see figure caption). Other uptake-incorporation experiments in which earlier time points were taken showed that uptake and incorporation were even more rapid for the first 30 min after [3H]leucine was added, and these data extrapolated to zero at the beginning of incubation. Figure 2 shows that bacteria-free Gonyaulax cells responded similarly to the 80S inhibitor cycloheximide. In both Figures 1 and 2, samples of the GP60e cultures were plated on SWC medium; this allowed us to confirm that no bacteria able to grow on this medium were present in those GP60e cultures.
RESULTS
METHODS OF MEASURING GONYAULAX TRANSLATION
When nonaxenic cultures were filtered (or centrifuged), washed twice with sterile medium, and resuspended in sterile medium, the results were quite different. Chloramphenicol inhibited leucine uptake considerably (Fig. 3A ) and dramatically inhibited its incorporation into protein (Fig. 3B) . Cycloheximide, on the other hand, inhibited uptake and incorporation only slightly. Therefore, even though these cells had been filtered and washed, and contained only 520 colony-forming units (CFU)/ml (on FIGURE 2. Effects of cycloheximide (CY) and chloramphenicol (CM) upon the uptake (A) and incorporation (B) of (3H]leucine. To a bacteria-free culture of Gonyaulax (GP60e), [3H]leucine was added at LDT 7 in a protocol as in Figure 1 . All points are the averages of duplicates; the range of these duplicates (expressed as percentage of maximal control value) was typically ±7% of the mean value that has been plotted, and at most ± 17% of the mean value that has been plotted. Open squares with dots, control; solid diamonds, 100 Rm CM; solid squares with white dots, 10 yvt CY; solid diamonds with white dots, 10 wNt CY and 100 Rm CM. Percentages of incorporation at 40 min: control, 14%; CM, 12%; CY, 4%; CY plus CM, 1.5%. SWC), the leucine incorporation measured was evidently dominated by the presence of bacteria. We estimated from CFU that filtration and/or centrifugation removed 80-90% of the bacteria. Table 2 shows that leucine incorporation by the bacteria contaminating nonsterile Gonyaulax cultures was greatly inhibited by chloramphenicol, but was unaffected (or even stimulated) by cycloheximide and anisomycin. The results shown in Figures 1, 2 , and 3 thus suggest that the filtration and/or centrifugation methods of Volkandt and Hardeland (1984) and Cornelius et al. (1985) may not have been sufficient to eliminate significant effects on protein synthesis measurements by contaminating bacteria in Gonyaulax cultures.
Because sterile cultures of Gonyaulax are difficult to maintain, we developed a method (see &dquo;Materials and Methods&dquo;) for pretreating nonsterile cultures with antibiotics in order to obtain leucine incorporation measurements that were not biased by bacterial protein synthesis. Figure 4 shows that with such antibiotic-pretreated cells, leucine incorporation was effectively abolished by cycloheximide but not by chloramphenicol. Figure 5 shows the same results with anisomycin. When the data of Figures 4 and 5 are compared with those of Figure 3 , it may be deduced that the antibiotic pretreatment protocol removed many more bacteria than did filtration alone. This was confirmed by measurements (7 and 30 bacteria/per jjd vs. 520/VLI for Figs. 5, 4, and 3, respectively). The antibiotic pretreatment of a nonsterile culture thus results in a preparation whose responsiveness to protein synthesis inhibitors mimics that of a sterile culture. We therefore believe that protein synthesis measured in antibiotic-pretreated cultures accurately reflects the activity of Gonyaulax cells, while that measured in cells isolated by filtration-centrifugation alone may not. 
DOSE RESPONSE TO ANISOMYCIN AND CYCLOHEXIMIDE
We used the above-described technique to compare the effects of different concentrations of 80S inhibitors upon protein synthesis with phase shifting of the circadian clock. The effects of various doses of anisomycin upon protein synthesis in Gonyaulax are illustrated in Figure 6 . This figure includes the results from five separate experiments, one performed with a sterile GP60e culture (identified on the figure) and the other four with pretreated GP70 cultures. Although there was considerable variability between different experiments (where different batches of cells were used), in any FIGURE 6. Dose response of inhibition of Gonyaulax protein synthesis by anisomycin. The ordinate depicts relative protein synthesis expressed as the percentage of control of the &dquo;percentage of incorporation&dquo; values of cells incubated with [3H]leucine with and without anisomycin pulses (see &dquo;Materials and Methods&dquo;). Five separate experiments are shown here; three are the average of duplicate measurements (solid triangles with white dots, open squares with dots, solid diamonds with white dots), and two are the average of triplicates (open and solid squares; the range of these duplicates and triplicates was never more than ±4% around the mean). One experiment was with bacteria-free GP60e-a 2-hr pulse at LDT 9-11 (solid squares). The remaining experiments were with antibiotic-pretreated GP70 cells: 2-hr incubation with (3H]leucine and anisomycin at (open squares), and three separate experiments (solid triangles with white dots, open squares with dots, solid diamonds with white dots) with 1-hr incubations with [3H]leucine and anisomycin plus 100 [Lm chloramphenicol at LDT 6-8. CFU ranged from given experiment, the range of values at each anisomycin concentration was only ± 5 % . Despite the variability among different experiments, the results are nevertheless similar in showing inhibition of protein synthesis with increasing concentrations of anisomycin. Protein synthesis was inhibited 50% at concentrations between 0.1 and 0.3 J.LM, and 80% inhibition was reached at concentrations 10-fold higher. These results are quite different from those of Cornelius et al. (1985) , which are also shown and identified in Figure 6 . They reported that concentrations of about 6-7 )JLM were needed to cause a 50% inhibition, while 80% inhibition occurred only at about 50 Vtm anisomycin. Figure 7 compares the dose response of Gonyaulax protein synthesis with that of phase shifting. The phase shifting data come from several different published experiments (Taylor et al., 1982a,b) and some new experiments. The data suggest that inhibition of protein synthesis seems to be slightly more sensitive to anisomycin than is phase shifting. For example, at 0.1 and 0.2 ¡.LM anisomycin, protein synthesis was substantially inhibited, but only small phase shifts were evident. Interestingly, FIGURE 7. Effects of different concentrations of anisomycin on protein synthesis and on phase shifting of the circadian rhythm of luminescence in Gonyaulax cells in constant conditions. Protein synthesis data points are replotted from Figure 6 and are not connected by lines. Phaseshifting data points, connected by lines, come from seven separate experiments (Nos. 66, 75, 90, 92, 93, 219, and 239; Taylor et al., 1982a,b, and unpublished results). In the phase-shifting experiments, 1-hr pulses of anisomycin were administered at CT 10-11. when different phase shifting data are compared, some cells were evidently more sensitive to anisomycin (experiments 66, 75, 90, and 93) in phase shifting response than were other cells (experiments 92, 219, and 239). This may relate to the nonmonotonic response of clock resetting to anisomycin dose, which is evident at some circadian phases (Taylor et al. 1982a ). Nevertheless, even the more sensitive cells required anisomycin concentrations inhibiting more than 50% of protein synthesis in order to achieve large phase shifts.
Because the data illustrated in Figures 6 and 7 showed considerable variability between batches of cells in the response to anisomycin, we decided to compare dose responses for phase shifting and protein synthesis inhibition with the same preparation of antibiotic-pretreated cells under similar conditions (Fig. 8) . The responses were similar in that both exhibit thresholds which were followed by concentration-depend-FIGURE 8. Concurrent measurements of phase-shifting and protein synthesis inhibition of the same culture of antibiotic-pretreated Gonyaulax cells (GP70) in WW or RR. Protein synthesis measurements: 2-hr pulses of anisomycin and [3H]leucine were administered at CT 9-11 along with 100 )JLM chloramphenicol. Each point is the average of duplicates; the range of the points in WW was ± 5 % , and in RR, ± 2% . &dquo;Relative protein synthesis&dquo; is the percentage of the corresponding control for &dquo;percentage of incorporation&dquo; values (WW control for WW data; RR control for RR data). Phase-shifting measurements: 2-hr pulses of anisomycin and 100 yvt chloramphenicol were administered at CT 9-11; phase shifts were determined as described in &dquo;Materials and Methods.&dquo; I , ent changes in response; however, a substantial inhibition of protein synthesis occurred at inhibitor concentrations where no phase shifting occurred. These results agree with the composite results of the experiments shown in Figure 7 .
The experiment of Figure 8 also compared the effectiveness of anisomycin in phase shifting with cells maintained in a background of either WW or RR. Table 3 shows that anisomycin elicited larger phase shifts from cells in WW than from those in RR. Figure 8 confirms that, when administered as 2-hr pulses at CT 9, increasing anisomycin concentrations caused increasing phase delays, which were larger in cells in WW than in cells in RR. One possible explanation for this difference could be that protein synthesis of cells in RR was less sensitive to anisomycin. Figure 8 shows that this was not the case: Inhibition was the same in cells with differing background illumination.
The effectiveness of cycloheximide in eliciting phase shifts in Gonyaulax is dependent upon temperature; to cause phase shifting of a similar magnitude, roughly 10-fold higher doses are required at 24°C than at 19°C (Dunlap et al., 1980) . Therefore, we wondered whether the ability of cycloheximide to inhibit protein synthesis was similarly temperature-dependent. Figure 9 depicts several cycloheximide dose experiments performed at temperatures between 19°C and 25°C. There was no apparent difference in the sensitivity of the translational machinery to cycloheximide over this temperature range. Protein synthesis was 50% inhibited by 0.2-0.5 yvt cycloheximide, in contrast to the results of Walz and Sweeney (1979) , who reported only a 5% inhibition at these concentrations. These authors, however, did not provide their data or methodology, so it is difficult to account for this discrepancy. Figure 8 . All incubations in this experiment had 100 yvt of chloramphenicol added. FIGURE 9. Dose-response curves for inhibition of protein synthesis in Gonyaulax by cycloheximide at different temperatures. The ordinate shows relative protein synthesis, as in Figure  6 ; the abscissa shows cycloheximide concentration. Antibiotic-pretreated GP70 cells were incubated for 1 hr with and without cycloheximide. Each point is the average of duplicates; the range of the points was ± 5 % . Solid diamonds with white dots, 19°C, LDT 6-7 (17 CFU/ml); solid squares with white dots, 19°C, (20 CFU/f..l.1); solid diamonds, 23.5°C, LDT 10-11 (8 CFU/ml); open squares with dots, 25°C, (27 CFU/f..l.1); solid squares, 19°C, LDT 10; open squares, 24°C, LDT 10-11. The last two sets of samples were performed on the same batch of cells.
RECOVERY OF TRANSLATION FROM DRUG PULSE
The results of Hobohm et al. (1984) suggest that the protein synthesis machinery of Gonyaulax does not recover promptly after treatment with anisomycin. We examined recovery by treating cells for 5 min with various anisomycin concentrations, washing the cells twice, and monitoring the uptake and incorporation of leucine thereafter. As shown in Figure 10 , the uptake of leucine was similar in all the samples, but the rate of incorporation was progressively less in the cells pretreated with increasing doses of anisomycin (see figure caption for &dquo;percentage of incorporation&dquo; values). By 60 min after the washout, protein synthesis of cells treated with 0.5 or 0.1 Jim anisomycin had recovered well, whereas with 5 or 10 jjbM anisomycin it was scarcely beginning to recover. In other experiments, cells treated with 10 )JLM anisomycin for only 1 min had not completely recovered even after 4 hr. ' 
DISCUSSION
MEASUREMENT OF LEUCINE INCORPORATION '
Our data indicate that removal of most of the bacteria from the cultures is crucial for obtaining valid data on protein synthesis in Gonyaulax. Filtration and/or centrifugation was not sufficient to remove all the bacteria, and the protein synthesis of cultures prepared in this way (Fig. 3 ) was greatly inhibited by chloramphenicol, whereas sterile cultures (Figs. 1 and 2) or antibiotic-pretreated cultures (Figs. 4 and 5) exhibited very little sensitivity to chloramphenicol. Previous investigators have relied upon centrifugation to remove bacteria, and have not tested the experimental cultures for the presence of bacteria (e.g., by plating the washed Gonyaulax cells on agar in SWC medium). The antibiotic pretreatment reduces bacterial contamination to a level that is low enough not to interfere with the assay of protein synthesis in Gonyaulax. Our results suggest that bacteria may adhere to the surface of Gonyaulax cells. The difficulty of removing bacteria from these cultures may explain the sensitivity to chloramphenicol of centrifuged Gonyaulax (Volkandt and Hardeland, 1984) and the fact that our Gonyaulax cells were more sensitive to anisomycin than those of Cornelius et al. (1985) . FIGURE 10. Kinetics of recovery of protein synthesis after anisomycin pulses. Antibiotic-pretreated GP70 cells at were exposed at LDT 9 for 5 min to anisomycin at the indicated concentrations, filtered, washed twice, and resuspended in sterile medium with [3H]leucine and 100 >M chloramphenicol. Uptake 
IS PROTEIN SYNTHESIS INHIBITION CORRELATED WITH PHASE RESETTING?
If protein synthesis plays an integral role in the clock mechanism, a simple hypothesis is that the synthesis of some putative clock protein(s) whose level is monitored is necessary for the biochemical oscillation. Such a model would predict that inhibition of translation would be directly correlated with an impact upon the time-keeping mechanism. Our results indicate only a poor correspondence between phase shifting and protein synthesis inhibition (1) at different doses (Fig. 7) , (2) in WW versus RR (Fig. 8) , and (3) at different temperatures (Fig. 9 ). Thus, phase shifting and inhibition of translation may not be as strictly correlated as suggested by Cornelius et al. (1985) . In particular, protein synthesis seems to be affected by lower concentrations of inhibitors than is phase shifting of the circadian clock. It is as though a threshold of synthetic inhibition must be passed before significant phase shifting will occur.
One possible explanation is that the inhibitors are acting via a side effect that is independent of protein synthesis and that has a different threshold for efficacy. Experiments showing that anisomycin derivatives that do not inhibit 80S synthesis in other systems also do not phase shift the Gonyaulax clock (Taylor et al., 1982a) suggest that a side effect is not the explanation.
Another explanation may be that large phase resetting at high concentrations of anisomycin is due not to protein synthesis inhibition per se, but to the effective duration of that inhibition. Because cells treated with high doses of anisomycin require substantially more time to recover (see Fig. 10 ), the effective duration of the pulse will be considerably longer than that for lower doses. If this explanation is correct, we would expect a reciprocity between concentration and duration of inhibitor pulses. Such a reciprocity has been demonstrated for cycloheximide pulses (Dunlap et al., 1980) and is also true for anisomycin pulses (Hastings et al., 1981) .
Why is anisomycin a more effective resetting agent in WW than in RR? Figure  8 shows that the answer does not lie in a differential drug sensitivity of the synthetic machinery of cells in RR versus WW. One possible explanation is that anisomycin is affecting the clock's photoreceptor or phototransduction mechanism. However, if anisomycin were causing phase shifting by inhibiting the photoreceptor pathway, then the phase response curves (PRCs) for anisomycin should coincide with either (1) dark pulses to cells in a WW background, or (2) white-light pulses to cells in a RR background. In fact, anisomycin PRCs mimic neither, showing large delays in the subjective daytime and large advances in the subjective nighttime. On the other hand, darkpulse PRCs for Gonyaulax in WW show advances in the subjective daytime and delays in the subjective nighttime, with the delay to advance transition at approximately CT 0 (Broda et al., 1986) . Furthermore, white-light pulses in a RR background elicit a PRC that has very small delays in the subjective daytime and large advances in the subjective nighttime (C. H. Johnson, unpublished); this is also quite different from the PRC provoked by anisomycin. At the moment, the effect of the color of the background illumination upon the inhibition by anisomycin is an enigma.
The sensitivity of the clock to cycloheximide is very temperature-dependent (Dunlap et al., 1980) , and yet inhibition of translation by cycloheximide seems to be very little affected by temperature. This suggests that the temperature-dependent step relates to a characteristic of the pacemaker's response to cellular protein synthesis and not to temperature dependency of the inhibitor's action. This argues against the idea that inhibitors cause phase shifting by inhibiting the synthesis of some putative clock protein(s) whose level is monitored as are sand grains in an hourglass. The fact that anisomycin-induced resetting is reduced in RR also suggests that inhibitors are not acting on one of the primary components of the pacemaker.
RECOVERY: IMPLICATIONS FOR CHEMICAL PRCs
As Figure 10 documents, the recovery time of protein synthesis from an inhibitor can be substantial and is a function of the drug's concentration. The experiments of Hobohm et al. (1984) suggest that this recovery can be accelerated by washing the cells several times. It is crucial to take this recovery period into account when considering the effect of the drug, because the effective duration of the pulse will be influenced by the recovery. Higher concentrations of a drug may increase its effective duration, and thus the magnitude of the phase shift (Dunlap et al., 1980; Hastings et al., 1981) . This could explain the fact that minute-long pulses of 1-15 )JLM anisomycin phase shift the clock by hours (Taylor and Hastings, 1982) . Although an alternative &dquo;dynamical&dquo; interpretation was suggested, the results of the present paper and those of Hobohm et al. (1984) favor an explanation based on effects that persist after the drug is washed out. For example, the cells in the experiment of Figure 10 were treated for only 5 min, yet recovery after 5 f.LM anisomycin was just beginning after 90 min. Thus, the &dquo;effective duration&dquo; of this brief pulse is actually on the order of hours.
With pulses of cycloheximide, significant effects of temperature have been observed both on the shape of the PRC in Acetabularia (Karakashian and Schweiger, 1976b) and on the magnitude of phase shifts in Gonyaulax (Dunlap et al., 1980) . Such effects might be explained if recovery from the drug is significantly different at different temperature, such that its effective duration is different.
The recovery data also have implications for the plotting of PRCs for chemical stimuli. Because-as shown here-recovery from a chemical treatment is not necessarily immediate, the effective duration of the stimulus is not known unless recovery time is directly measured. Therefore, the only reliable reference for the &dquo;time of stimulus&dquo; of a chemical treatment PRC is the onset of the pulse. This suggests that the use of the pulse midpoint or termination point (Aschoff, 1965) is not appropriate for PRCs of chemical pulses. Although this conclusion may seem obvious, it has been scarcely discussed in the literature and is little appreciated. Other types of stimuli (e.g., light or temperature pulses) may also require a recovery period, but these recoveries-especially in the case of light pulses-are probably rapid when compared with the time scale of a circadian period.
